We report a detailed crystal-field splitting analysis of the energy levels of Dy 3ϩ (4 f 9 ) in single crystals of Dy 2 S 3 that have the Th 3 P 4 cubic defect structure. From an analysis of the temperature-dependent absorption spectra, we have identified seven of the eight crystal-field split energy ͑Stark͒ levels of the ground-state multiplet manifold, 6 H 15/2 . Sixty-two experimental Stark levels from various multiplet manifolds of Dy 3ϩ are compared with a calculated crystal-field splitting, whose initial crystal-field parameters, B nm , were determined from lattice-sum calculations. The rms deviation between experimental and calculated levels is 7 cm
I. INTRODUCTION
The optical, magnetic, and thermophysical properties of the lanthanide sesquisulfides (Ln 2 S 3 ) are important since these materials have been used successfully as components in advanced thermoelectrical, solar photovoltaic, and infrared sensor/detector devices. [1] [2] [3] Although Ln 2 S 3 exists in several phases, it is the Th 3 P 4 defect structure ͑commonly called the ␥-phase͒ that manifests the most interesting physical properties due to the considerable variation in composition that can be obtained during its chemical preparation. [4] [5] [6] [7] Since one-ninth of the cation positions in the ␥-phase structure are randomly unoccupied, these positions can be filled with excess Ln cations forming a solid solution without a change in the crystal structure. [8] [9] [10] Superconducting, semiconducting, and insulator behavior have been reported over a cation composition range Ln 3 S 4 -Ln 2 S 3 , which provides for a remarkable study on the role that the 4 f electrons play in these materials. [11] [12] [13] [14] Over the years, several groups have reported some of the thermophysical properties of the lanthanide sesquisulfides. [15] [16] [17] One of the most complete studies was carried out by Westrum and his co-workers. [18] [19] [20] Their interpretations were strengthened when analyses of optical and magnetic data were also available to support the Schottky level assignments deduced from analyses of the heat capacity data. [21] [22] [23] The success of these comparative studies depended on making measurements on samples of similar composition. Such an integrated view of the optical, magnetic, and thermophysical properties was obtained for ␥-phase Ce 2 S 3 and Nd 2 S 3 . 18 The purpose of this study is to provide a similar perspective for ␥-phase Dy 2 S 3 .
Low temperature ͑2 to 20 K͒ calorimetric measurements on ␥-phase Dy 2 S 3 reported by Taher et al. 17 show a ''bump'' on the heat capacity curve near 3.4 K. The authors attributed this bump to Schottky levels rather than to cooperative phenomena. Calorimetric measurements made by Westrum and his group between 5 and 350 K on samples of similar composition could not be reconciled to this explanation. 19 Based on entropy considerations, they proposed that the anomaly was likely due to magnetic ordering. Paramagnetic susceptibility data obtained from the Westrum samples between 2 and 350 K indicated that antiferromagnetic ordering takes place around 3.4 K. 24 However, establishing the low-energy Schottky levels is complicated by the residue of magnetic ordering that contributes to the overall heat capacity observed above 5 K in the Dy 2 S 3 samples. Moreover, the optical spectra reported by Taher et al. 17 was obtained at temperatures too low to verify the Schottky-level assignments reported by the Westrum group. 19 To resolve these differences, and to establish an independent experimental basis for establishing the Schottky levels, we report a detailed crystal-field splitting analysis of the Dy 3ϩ ion-energy levels in ␥-phase Dy 2 S 3 , having the same composition as the samples used in measuring the heat capacity data. Sixty-two experimental energy ͑Stark͒ levels identified from the optical spectra of various multiplet manifolds, 2Sϩ1 L J , of Dy 3ϩ (4 f 9 ) are compared with a calculated crystal-field splitting, whose initial crystal-field parameters, 17, 19 Our analysis of the temperature-dependent ͑hot-band͒ absorption spectra, confirmed by the crystal-field splitting calculations, is able to verify seven of the eight expected twofold degenerate Schottky levels. The eighth level likely corresponds to the highest-energy Stark level in the 6 H 15/2 manifold that cannot be identified with any certainty from the optical data.
II. SPECTROSCOPIC MEASUREMENTS
The samples investigated in the present study were grown by Henderson and Johnson in the late sixties. 25 Optically transparent crystals, retaining a yellow-green color, were produced by diffusing sulfur into the crystals at 1200°C. X-ray crystallography carried out on the samples indicated that the structure was the high-temperature ͑␥-phase͒ Th 3 P 4 , and sample compositions were determined to be DyS 1.500Ϯ0.001 from chemical analyses. 25 The samples used in the present optical studies have the same composition as the samples used by Taher et al. 17 and Westrum et al. 18, 19, 24 The absorption spectrum reported in Table I 24 on samples of similar composition indicate that ␥ -Dy 2 S 3 is paramagnetic over the temperature range investigated spectroscopically, so that the temperature-dependent transitions ͑hot-band absorption spectra͒ establish levels that can be compared directly to the Schottky levels reported earlier. [18] [19] [20] Table I reports the absorption spectrum and the energy levels of Dy 3ϩ (4 f 9 ) in ␥-phase Dy 2 S 3 obtained at approximately 85 K. The hot-band spectra observed at this temperature from the first excited Stark level at 52 cm Ϫ1 have been excluded from the table in order to simplify the presentation of the transitions to various individual multiplet manifolds. Although somewhat broader and shifted to lower energies, the spectrum in Table I is similar to the absorption spectrum reported at 10 K by Taher et al. 17 for multiplet manifolds 4 I 15/2 , 4 F 9/2 , 6 F 3/2 , and 6 F 7/2 . In fact, the close agreement provides support in identifying the hot bands observed between 85 K and room temperature, which is an important part of the present study.
From the hot-band data we have identified temperaturedependent transitions from the Stark levels of the groundstate multiplet manifold, 6 H 15/2 to excited mulitplet manifolds. Hot-band spectra associated with quartet states 4 . These levels are listed in Table II . Additional hot-band data involving other excited multiplets establish a similar pattern of splitting and are available as supplemental material from the authors. The temperature-dependent data are too broad to confirm any Stark levels between 4 and 6 cm Ϫ1 above the ground-state Stark level, and the 44 cm Ϫ1 level reported by Taher et al. 17 appears to be shifted in the present study to a somewhat higher energy. Polarized absorption spectra are not observed. In the defect cubic structure, the cation symmetry axes can point along either the x , ŷ , or ẑ directions. No fluorescence was observed. Very likely, quenching of the fluorescence takes place in the undiluted single crystals of ␥-phase Dy 2 S 3 .
III. CRYSTAL-FIELD SPLITTING CALCULATIONS
The crystal-field splitting of the multiplet manifolds reported in Tables I and II was calculated using the crystalfield Hamiltonian
where the B nm terms represent the crystal-field parameters with B nm ϭ(Ϫ1) m B n,-m , and the C nm (r i ) operators are related to the spherical harmonics. 27 The sums over n and m are established by the Dy 3ϩ ion symmetry in the lattice, and the sum over i includes the nine 4 f electrons associated with the ground-state electronic configuration, Dy 3ϩ (4 f 9 ). The B nm parameters are considered phenomenological in that they are established by a systematic fitting of a set of calculated Stark ͑energy͒ levels to the observed splitting of the multiplet manifolds. We have found, from previous analyses of the spectra of other rare earth ions, that lattice-sum calculations based on the structure and symmetry of ions in the crystal provide an initial set of B nm parameters sufficiently close to the final set of B nm so as to reduce chances for a false minima in the analysis. 28 34 The initial set of B nm parameters was established using the threeparameter theory 35 and lattice-sum monopole components, A nm , assuming that the cation sites filled with Dy 3ϩ ions had local polyhedra symmetry of D 2d . 30, 31 
IV. ANALYSIS OF THE OPTICAL DATA
Tables I and II present the results of a crystal-field splitting analysis of the multiplet manifolds of Dy 3ϩ in ␥-phase Dy 2 S 3 . Sixty-two experimental Stark levels were used in the analysis; the rms deviation between the experimental and calculated levels is 7 cm
Ϫ1
. The spectra are generally broader and the individual energy levels are shifted to lower energies than we observe for comparable spectra in fluoride and oxide crystals. 36 This observation known as the ''nephelauxcetic effect'' is associated with an increased covalency in the Dy-S bonds relative to the Dy-F or Dy-O bonds. 37 Further delocalization of the 4 f orbitals reduces the effective nuclear charge and provides for an overall reduction in the size of the crystal-field splitting.
38 Table III 4 The nephelauxcetic shift is pronounced between the first four hosts that are insulators, with the shift toward lower energies from the fluoride, to the oxide, to the sulfide crystal. Furthermore, there is also a reduction in the size of the multiplet manifold splitting. Table I , footnote f, and experimental levels in Table I ͑column 4͒ and 
sights. The best overall agreement between calculated and observed crystal-field splitting of the Dy 3ϩ (4 f 9 ) manifolds in the four different host crystals comes when the formal charge on Dy 3ϩ and other ions in the lattice is allowed to vary. In Sr 5 ͑PO 4 ͒ 3 F, best agreement is reached with an effective ionic charge of 3.0 esu on Dy 3ϩ . The effective ionic charge decreases to 2.3 esu on Dy 3ϩ in the sesquisulfide lattice. This observation is not at odds with the change in bonding character in going from a fluoride to a sulfide host. 37 Another interesting observation to be made in Table III is that there is not much shift in the centroid energies between the results obtained for Dy 3ϩ in the present study and the centroids observed in n-type semiconducting ␥-phase Dy 2 S 3 having a bandgap of 2.94 eV. 4 In the semiconducting crystal, the spectra of the corresponding multiplet manifolds are too broad to carry out a detailed crystal-field splitting analysis. Henderson et al. 4 provide an explanation for the observed broadening as due to coulombic scattering of carrier electrons with Dy 3ϩ ion sites. Recent temperaturedependent photoconducity measurements using site-selective UV laser excitation into the conduction band edge provide additional experimental support for this mechanism as well. 40, 41 
V. ANALYSIS OF THE HEAT CAPACITY DATA
We indicated in the Introduction that one of our objectives was to reconcile the interpretations of the Schottky levels reported by Taher et al. 17 and by the Westrum group 19 with the analysis of the crystal-field splitting of the ground state, 6 H 15/2 , established from the spectroscopic data reported in the present study. Our source of heat capacity data between 2 and 20 K comes from Taher et al., 17 and between 5 and 350 K the data come from the Westrum group. 19 To delineate that part of the heat capacity due to the 4 f electrons, the lattice heat capacity of ␥-phase Dy 2 S 3 was reevaluated. Using the volumetric approximation, the lattice heat capacity of ␥-phase La 2 S 3 and Gd 2 S 3 were used as the diamagnetic lattice heat capacity anchor points. 18 The . The function also includes the assumption that the centroid of the next higher energy-level manifold, 6 H 13/2 , which is 14-fold degenerate, is found at 3400 cm
Ϫ1
. The crystal-field splitting of 6 H 15/2 is listed in Table II ͑column  3͒.  Table IV reports the integrated reduced entropy ͑S/R͒ derived from an analysis of all heat-capacity measurements. This entropy is compared to the entropy derived from the proposed lattice heat capacity and the Stark levels reported in Table II . Implied in this theoretical treatment is the addition of the entropy due to the Kramers degeneracy ͑2 ln 2͒ of the Stark levels. From a statistical viewpoint this asymptotic value appears at 0 K, but in fact for the lanthanides, it generally comes out in an antiferromagnetic transition not amenable to exact calculation. However, experience has shown that this transition heat is often completed before the Schottky heat capacity maximum. Thus, the observed entropy leads the calculated entropy after 50 K by about 0.5, whereas one would expect these values to coincide here ͑see Figs. 1 and 2͒. Our proposed transition curve generates slightly more than the 2 ln 2 associated with the Kramers degeneracy, but it is still within the experimental error of the measurements involved. This point emphasizes the need for definitive thermal capacity measurements below 15 or 20 K. However, the conclusions drawn from our interpretation of these heat capacities is not on shaky ground. The possibility that twofold degenerate Stark levels are found at 4 and 6 cm Ϫ1 is not likely. The high temperature Schottky heat capacity would then require all seven doublets of Table II to be sixfold degenerate. This is inconsistent with the Jϩ1/2 Stark levels identified from the optical data for the excited 2Sϩ1 L J manifolds.
The analysis of the hot-band absorption spectra and the calculated crystal-field splitting given in Table II support the Schottky level assignments of the Westrum group remarkably well for the observed Stark levels of the 6 H 15/2 manifold. The absorption hot bands representing transitions from a Stark level having an energy above 310 cm Ϫ1 are too weak and broad for analysis.
In conclusion, we find that our interpretation and assignments to the individual Stark levels of the 6 H 15/2 manifold, based on the absorption spectra reported in the present study, are consistent with the Schottky level assignments deduced from analyses of the heat capacity data reported by the Westrum group. Both sets of heat capacity data, however, appear well qualified and consistent; but with the higher temperature heat capacity data and the support from the optical and magnetic studies, it is now possible to interpret the ''bump'' in the heat capacity data at 3.5 K as due to magnetic ordering of a Dy-S polyhedra.
